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Abstract 
The behavior of BCMF in an external magnetic field was studied by acoustic spectroscopy. The linear 
increase, decrease and jump change of the external magnetic field up to 200 mT was applied and 
corresponding changes of acoustic attenuation were studied. The change of acoustic attenuation was 
connected with the structural changes of magnetic nanoparticles in the water-based magnetic fluid 
when an external magnetic field is applied. Measurements were made also for several temperatures of 
the range of 15- & WR NQRZ WKH LQIOXHQFH RI thermal motion to nanoparticle aggregations. The 
significant influence of both magnetic field and temperature on the change of acoustic attenuation was 
observed. The obtained results are very important for magnetic drug targeting (MDT) for example, for 
the using of optimal concentration of magnetic nanoparticles (MNPs) as it is impossible to use very 
concentrated BCMF due to the strong aggregation of MNPs. 
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1 Introduction 
The study of structural properties of biocompatible magnetic fluid (BCMF) is very important in 
view of their biomedical applications as magnetic drug targeting (MDT), magnetic resonance imaging 
(MRI), hyperthermia effect and so on.  After pre-coating, effective biological material can be absorbed 
at the particle surface for production of medicine with specific biomedical applications at specific part 
in living organisms. 
-y]HIF]DN SXEOLshed several papers about properties of water-based Fe3O4 in external magnetic 
field. In paper -yzefczak, 2003) he published information on the structural changes of the ferrofluid 
acquired by measuring of changes in the ultrasound wave velocity 'c. The changes 'c was depend on 
the magnetic field intensity and on its sweep rate. He also showed that the ferrofluid did not reach a 
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new equilibrium state immediately after the field takes the final value, but the equilibrium is reached 
after a certain time depending on the field sweep rate.In next paper -y]HIF]DNhe presented the 
results for two biocompatible magnetic fluids of nanoparticles coated with oleate sodium and also with 
polyethylene glycol (PEG). Both fluids showed stable acoustic properties for low field intensity and in 
higher fields, the ultrasonic wave absorption coefficient significantly increased and was strongly 
dependent on temperature, magnetic field intensity, magnetic field sweep rate and time of exposure to 
magnetic field. These measurements revealed that the ferromagnetic fluid MF-PEG showed a greater 
structural stability.A calorimetric study of the magnetic fluid APG-832 subjected to an alternating 
magnetic field was studied by Skumiel et al. (Skumiel A. , 2003). From the comparison of the 
diameter of magnetic grains and the hydrodynamic diameter they showed that the main mechanism of 
PDJQHWLF UHOD[DWLRQ LV WKH 1pHO HIIHFW 6NXPLHO LQ KLV SDSHU (Skumiel, 2007) also reported that 
structural changes in the water-based ferofluid and creation of magnetic clusters were the effect 
of slowly changing magnetic field. From the anisotropy measurement for the constant magnetic field 
of intensity 80 kA/m clusters of diameter around 280 nm was calculated. 
On the basis of presented works we used the acoustic spectroscopy to study structural changes of 
biocompatible magnetic fluid. We used the method which is based on the measurement of attenuation 
of acoustic wave ¨D under the influence of the external magnetic field at various temperatures.  
 
 
2 Experimental method 
The magnetic fluids used in this work had core±shells structure and were obtained by chemical 
precipitation. The subject of study was water-based biocompatible fluid, whose magnetite particles 
(Fe3O4) were coated with oleate sodium. Concentration of magnetite in liquid was 70 mg/ml and its 
density 1,06 g/cm3. The saturation magnetization of lyofilization (dry) sample was 30,6 emu/g and its 
density 1,91 g/cm3. From the magnetization curve shown in Figure 1(a), the saturation magnetization 
Ms = 13,7mT and parameters of lognormal distribution for the sample studied d  QPDQG
ı     ZHUH GHWHUPLQHGX-ray diffraction measurement was performed to identify the of 
prepared iron oxide particles, whose spectrum is presented in work (Jy]HIF]DN. The stability of 
the ferrofluid was observed in time and it is found to be stable for more than 1 year.  
The block diagram of the experimental arrangement is shown in Figure 1(b). Biocompatible fluid 
was placed in thermostated closed measuring cell of the volume around 2 ml (2.1 x 0.9 x 1 cm3, 
distance between two piezoelectric transducers was of 0.9 cm). The temperature during measurements 
 
Figure 1: (a) Magnetization curve M(H) for studied samples obtained from SQUID data. 
(b) Experimental setup. 
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ZDV VWDELOL]HGZLWK DQ DFFXUDF\ oC by thermostat JULABO ED. This cell was inserted in an 
electromagnet, where the magnetic field is directed by current source AMETEK XG 100-15, which 
communicated with computer. The actual magnetic field was measured by magnetic field meter 
Gauss/Teslameter Model 6010. The measurements of the attenuation of the acoustic wave of 
frequency 4,8 MHz were carried out by a pulse method using the MATEC Workstation EXPLORER 
II and the direction of the magnetic field was parallel to the direction of ultrasound wave propagation 
(H // k). An acoustic wave generated by one of LiNbO3 transducers located in measuring cell, 
propagated through the magnetic fluid and underwent a multiple reflection between transducers. The 
processed signals were displayed by the oscilloscope and recorded by computer. 
 
 
3 Experimental results 
The acoustic attenuation measurements in the temperature range 10 - 30 oC are summarized in 
Figure 2. The obtained results indicate an interesting effect of the external magnetic field on the 
acoustic attenuation. For slowly increasing magnetic field up to 200 mT with step 3,3 mT/min, only 
small acoustic attenuation changes were observed. The biocompatible fluid had highly stable acoustic 
properties in this range. However, big changes dependent on the temperature at decreasing magnetic 
field were observed. The measurement shows that the largest changes of the acoustic attenuation were 
at two temperatures: 20 0C and 25 0C. The smaller changes were at temperatures: 15 0C and 30 0C. The 
measurement at temperature 10 0C, is not shown in Figure 2, no change of ¨Įwas concluded. Figure 3 
illustrates the FRPSDULVRQ RI ¨Į changes with different maxima of magnetic field (100 mT and 
200 mT) but reached in both case after 60 min. It can be seen, that similar increases RI ¨Į DW
decreasing magnetic field from 100mT and 200 mT were observed. However, in the case of lower 
maxima the maximal change of acoustic attenuation was shifted to lower magnetic field. In this case 
the acoustic attenuations also returned to its initial value. 
 
Figure 2: The dependence of acoustic attenuation changes on the external magnetic field  
measured at various temperatures. 
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To understand the effect of the time development of acoustic attenuation for jump change to 
constant magnetic field of 200 mT was carried out (Figure 4). The constant value of magnetic field 
was kept 50 minutes. The response of acoustic attenuation on the jump change of magnetic field was 
practical immediate. As we can see the acoustic attenuation practically did not change during this 
period. Its maximal value depends only on the temperature and the saturated acoustic attenuation 
decreases with increase of temperature. Although the higher changes of ¨Į was at temperature 10 0C, 
 
Figure 3: Changes of the attenuation of acoustic wave in MF at temperature 20 oC for linear increase of 
external magnetic field to different maximum values with different sweep rate (ź 1,66 mT/min; Ɣ 3,33 mT/min). 
 
Figure 4: Experimental data of changes in the acoustic attenuation for jump change  
of the magnetic field to value 200 mT measured at various temperatures. 
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this is only 15% of the changes observed at linear decrease of magnetic field. The response after the 
removal of the magnetic field was immediate, too. 
4 Discussion 
The interaction between the magnetic moments of the nanoparticles in magnetic fluid and the 
external magnetic field leads to the aggregation of nanoparticles to new structures. The process of 
structural changes have influence on the acoustic wave attenuation because the interaction between the 
acoustic waves and the formations of magnetic nanoparticles can lead to the additional attenuation of 
acoustic wave that can by this way indicate changes of characteristic properties and structure of 
magnetic liquid (Kudelcik, 2015). Same processes have been investigated in other experimental works 
with bio magnetic fluids based on the water -y]HIF]DN6NXPLHO*RJRVRY. The 
slowly increasing magnetic field had almost no effect on the change of acoustic attenuation (Figure 2), 
but strong changes at decreasing magnetic field were observed. Of course there are others parameters 
characterizing biocompatible fluid that can influence the value of acoustic attenuation. Important 
parameters are density and viscosity of biocompatible magnetic fluid, which decrease with 
temperature (Kudelcik, 2015). These parameters influence also another parameter important for this 
process that is the time constant for creation and/or decay of aggregations of nanoparticles.  
From the aspect of measurement, the minimal changes of acoustic attenuation at linear 
increases of magnetic field in measured temperatures range are the interesting effect. -y]HIF]DN
-y]HIF]DN  in his measurements used similar biocompatible liquid but magnetic field was 
perpendicular to the ultrasound wave propagation. In his case the changes occurred after 35 minutes at 
around 100 mT. In our case the bigger effect of biocompatible fluid on the value of acoustic 
attenuation at decreasing magnetic field around 100 mT after 90 minutes was observed. Mentioned 
parameters of own used biocompatible fluid were smaller as in work Jyzefczak. Also in other works 
were observed corresponding effects -y]HIF]DN, 2005), (Skumiel, 2003), (Gogosov, 2003). Our 
description of measured development of acoustic attenuation at various temperatures presented on 
Figure 2is described in following paragraph. 
External magnetic field causes the change of magnetic nanoparticles arrangement. Firstly 
dimers than trimers and higher oligomers are created. This means gradual increase of nanoparticles 
integrated into structures which have no significant effect on the acoustic attenuation in water as the 
carrier liquid. For this type of bio magnetic fluid with double surfactant layers we could suppose that 
creation of thin chains or cluster during this phase is negligible. This process of connection of 
nanoparticles to oligomers continues also at decreasing magnetic field up to value 160 mT. At next 
decrease of magnetic field the increase of acoustic attenuation could be caused by reorientation of 
nanoparticles oligomes and the maximum was between 80 and 100 mT. This process resulted in the 
coupling of given structures by creation of chain or other complicated structures which caused 
increase of acoustic attenuation. At magnetic field lower than 80 mT the structures of nanoparticles 
decay by Brown motion what is connected with decrease of acoustic attenuation to its initial values at 
zero magnetic field. 
In the case of investigated magnetic fluid based on water the particular influence of 
temperature was observed, too. The value of maximum change of acoustic attenuation increases with 
increasing temperature and up to temperature 25 0C and then it decreases. In the case of magnetic 
fluids based on transformer oil (Kudelcik, 2015) the maximal of ¨Į always decreased with increase of 
temperature. This effect could by caused by double layer of surfactant on magnetic nanoparticles. At 
very low temperature oligomers cannot be created either at high because Brown motion is very small. 
Although the magnetic field is high, the kinetic energy (speed) of nanoparticles is insufficient to 
overcome the barriers needed to raise diners. With increasing temperature the probability of creation 
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of diners or higher oligomers increase, and at very high temperature the Brown thermal motion is so 
big that there is not enough time for creation of these structures.  
 The application of the jumped magnetic field of constant value (Figure 4) clearly induces that 
processes leading to the creation of new but simple structures are quick and there were no time 
dependence or step-by-step process. ,Q WKH FDVH RI SHUSHQGLFXODU PDJQHWLF ILHOG -y]HIF]DN 
similar change of acoustic attenuation were observed. This measurement agrees with previous results. 
Directly after application of 200 mT some oligomers or structures were created. It is similar as at 
increasing magnetic field in previous measurements. The very interesting result is that the values 
obtained at this jump of magnetic field are at same level as values reached at linear increase of 
magnetic field to 200 mT (Figure 2). Nearly immediately decreases of acoustic attenuation to the 
initial value after removing magnetic field confirmed our previous suggestions about VWUXFWXUH¶V 
dependence on external magnetic field.  
5 Conclusion 
The effect of linear and jump change of magnetic field on the change of acoustic attenuation 
in biocompatible fluid at various temperatures were measured. The strong dependence of acoustic 
attenuation on decreasing magnetic field was observed. This effect is connected with the structural 
changes of magnetic nanoparticles in the water-based magnetic fluid when the external magnetic field 
is applied. The interaction between the magnetic field and the magnetic moments of the nanoparticles 
leads to the aggregation of magnetic nanoparticles and following oligomers formation. Measurements 
at the jump change confirmed also influence on the aggregation of nanoparticles.  
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